Introduction
Lung cancer is the major cause of cancer-related mortality in both men and women worldwide (1, 2) . Cigarette smoking causes 90% of all lung cancers and is thought to do so primarily by inducing DNA mutations (3) . In addition, epidemiologic data indicate that chronic inflammation also plays a role in lung epithelial carcinogenesis (4) . Tumor cells produce cytokines and chemokines that attract leukocytes, which provide an inflammatory microenvironment in favor of malignant conversion and tumor development (intrinsic inflammation) (5) (6) (7) . Lung inflammatory diseases such as chronic obstructive pulmonary disease (COPD) are characterized by leukocyte infiltration of the airways that is regulated by a variety of mediators such as cytokines, chemokines and adhesion molecules (extrinsic inflammation). Multiple studies have found that smokers with COPD have a 1.3-to 4.9-fold increased risk of lung cancer compared with smokers without COPD (4, 8, 9) . In view of the high incidence and mortality of lung cancer (10) , the high prevalence and morbidity of COPD (11) , and the lack of a recommended screening method for lung cancer, a therapeutic strategy that targets inflammation to prevent progression of COPD and cancer would be of great value.
Despite the fact that smoking causes most cases of COPD, only 25% of smokers develop COPD. This variable susceptibility to COPD most probably reflects genetic variations in the inflammatory response to inhaled smoke and to microorganisms colonizing the injured airways of smokers (12, 13) . The most common colonizing bacterium is non-typeable (i.e. unencapsulated) Haemophilus influenzae (NTHi) (14, 15) . This organism is found in the lower respiratory tract of $30% of individuals with COPD at any time, and the acquisition of new serotypes is associated with exacerbations of COPD (14, (16) (17) (18) . We have previously established a COPD-like model of airway inflammation induced by repetitive exposure to an aerosolized lysate of NTHi (19) and shown that this type of inflammation enhances lung carcinogenesis in a K-ras induced mouse model (20) .
Curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3, 5-dione) is a naturally occurring polyphenolic phytochemical isolated from the rhizome of the medicinal plant Curcuma longa (turmeric) (21) . It is commonly used as a spice, food additive or dietary pigment. It has been shown that curcumin has several pharmacologic effects including anti-inflammatory (22) (23) (24) (25) (26) , antioxidant (27, 28) , anti-tumoral (29) (30) (31) (32) (33) (34) and wound healing activities (35, 36) . There are only limited and contradictory data available on the effects of curcumin on lung inflammation and tumor promotion (37) (38) (39) . In this study, we report that dietary administration of curcumin effectively suppresses NTHi-induced COPD-like airway inflammation and lung cancer progression in mice.
Materials and methods

Animals
Specific pathogen-free 5-to 6-week-old female C57BL/6 mice were purchased from Harlan (Indianapolis, IN). CCSP
Histologic analysis
Tissues were taken from mice with the following genotypes: WT, CC-LR and LSL-K-ras G12D (control). Mice were anesthetized and killed by intraperitoneal injection of Avertin (Sigma-Aldrich, St Louis, MO) and then tracheotomized and cannulated with a luer stub adapter cannula. Lungs were inflated with 10% buffered formalin (Sigma-Aldrich), removed and placed in 10% buffered formalin for 18 h. Tissues then were transferred to 75% ethanol, embedded in paraffin, sectioned and stained with hematoxylin and eosin. Formalin-fixed, paraffin-embedded sections (5 lm) were labeled with anti-Ki-67 antibody at 1:100 (rat monoclonal clone TEC-3; Dako, Glostrup, Denmark). Slides were then incubated with secondary antibody, exposed to Alkaline Phosphatase Standard ABC Kit (Vector Laboratories, Burlingame, CA), developed with Alkaline Phosphatase Substrate Kit I (Vector Laboratories) and counterstained with 4#-6-diamidino-2-phenylindole (Molecular Probes, Eugene, OR).
Assessment of lung tumor burden and inflammation
On the first day, after the first NTHi exposure in WT mice and the first day after the eighth NTHi exposure in CC-LR and LSL-K-ras G12D mice, animals were euthanized by intraperitoneal injection of Avertin. In some mice, lung surface tumor numbers were counted and then lungs were prepared for histological analysis. Hematoxylin and eosin sections were prepared from 3-5 animals per group. Five randomly selected microscopic fields from peripheral and central regions of the lungs were photographed, and the percentage of the lung field occupied by tumors measured by overlaying of these images on a dotted grid. In other mice, bronchoalveolar lavage fluid (BALF) was obtained by sequentially instilling and collecting two aliquots of 1 ml PBS through a tracheostomy cannula, and lungs were removed and frozen for further experiments. BALF total leukocyte count was determined using a hemacytometer, and cell populations were determined by cytocentrifugation of 300 ll of BALF followed by Wright-Giemsa staining (19) . The remaining BALF ($1400 ll) was centrifuged at 1250g for 10 min, and supernatants were collected and stored at À70°C. Cytokine concentrations were measured in duplicate by multiplexed sandwich enzyme-linked immunosorbent assay using SearchLight Proteome Arrays (Pierce, Rockford, IL). Blood was also collected by cardiac puncture, and serum was separated for curcumin measurement.
Assessment of nuclear factor-kappaB activation by electrophoretic mobility shift assay To assess nuclear factor-kappaB (NF-jB) activation, lungs were removed within 5 min of completion of NTHi aerosol exposure and flash frozen in liquid nitrogen and underwent electrophoretic mobility shift assay essentially as described previously (40) . Briefly, nuclear protein extracts were prepared from lung tissues of NTHi challenged and non-challenged mice. To avoid proteolysis during the extraction process, the lung tissue was pulverized with a mortar under liquid nitrogen and immediately transferred into ice-cold extraction buffer. Protein concentration was determined with the bicinchoninic acid (BCA) protein assay (Pierce-KMF, Sankt-Augustin, Germany). Nuclear extracts were incubated with 32 P-end-labeled 45mer double-stranded NF-jB oligonucleotide (4 lg of protein with 16 fmol of DNA) from the human immunodeficiency virus long terminal repeat (5#-TTGTTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGG-3#; boldface indicates NF-jB-binding sites) for 15 min at 37°C. The resulting DNA-protein complex was separated from free oligonucleotide on 6.6% native polyacrylamide gels. A double-stranded mutant oligonucleotide (5#-TTGTTA-CAACTCACTTTCCGCTGCTCACTTTCCAGGGAGGCGTGG-3#; boldface indicates consensus NF-jB-binding sequence) was used to examine the specificity of binding of NF-jB to the DNA. The dried gels were visualized, and radioactive bands were quantitated using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA) with ImageQuant software.
Curcumin measurement in lung and serum Aliquots (100 ll) of mouse sera were diluted with 800 ll of PBS containing Ca þ2 and Mg þ2 (Ca,Mg-PBS). An aliquot (100 ll) of a beta-glucuronidase/ sulfatase enzyme solution in Ca,Mg-PBS (Sigma-Aldrich; 100 U/ll) was added to the samples, which were then incubated overnight at 37°C to cleave curcuminglucuronide and curcumin-sulfate conjugates. Treated samples were then processed as described previously using solid phase extraction prior to analysis by liquid chromatography-mass spectrometry-tandem mass spectrometry (41) .
Frozen lung tissue was pulverized using a liquid nitrogen-cooled mortar and pestle. Pulverized tissue was then suspended in 1 ml of Ca,Mg-PBS and homogenized using a Misonix 300 sonic homogenizer. An aliquot (500 ll) of the resulting tissue homogenate was diluted with 250 ll of Ca,Mg-PBS and then treated with 250 ll of beta-glucuronidase/sulfatase enzyme solution (100 U/ll) in Ca,Mg-PBS and incubated at 37°C overnight. Digested lung tissue homogenates were centrifuged to remove particulates and 200 ll aliquots of the supernatant were then processed by solid phase extraction as described previously (41) .
Sample quantification was done using extracted control mouse plasma samples spiked with a curcumin reference standard containing the three curcuminoid compounds (Sigma-Aldrich). A calibration curve was generated using MassLynx 4.1 QuanLynx software for the nominal concentration and the peak area for each of the three curcuminoids. Quantification of the mouse samples was made using this calibration curve based on sample peak area (41) . Reported data are expressed as micromolars curcuminoids in serum or as nanograms of curcuminoids per milligram of lung homogenate.
Colony formation assay LKR-10 and LKR-13 cells, lung adenocarcinoma cell lines derived by serial passaging of minced lung adenocarcinoma tissues isolated from a K-ras LA1 mouse (42) were kindly provided by Dr Jonathan Kurie (M. D. Anderson Cancer Center). The cells were passaged in RPMI 1640 supplemented with 10% fetal bovine serum on standard Falcon plasticware (Becton Dickinson, Bedford, MA) at 37°C in an atmosphere containing 5% CO 2 (43) . Exponentially growing cells were seeded into six-well culture plates (0.75 Â 10 4 cells per well) overnight before treatment with curcumin dissolved in 100% dimethyl sulfoxide. The medium was removed and replaced with fresh medium containing these agents every 3 days. After 7 days of incubation, the cells were fixed with methanol:acetic acid (3:1 vol/vol) and stained with crystal violet in methanol (0.5% vol/vol) to visualize the colonies.
Cell growth inhibition assay LKR-10 and LKR-13 cells were seeded into 96-well culture plates (1 Â 10 4 cells per well) in quadruplicates in keratinocyte-serum free media with 3% fetal bovine serum, allowed to adhere overnight at 37°C and followed by treatment with curcumin for 3 days as in the colony forming assay. An automated plate reader (model MR5000, Dynatech Laboratories, Chantilly, VA) was used to estimate cell numbers with the sulforhodamine B assay (44) . The inhibition of cell growth was calculated as (1ÀAt/Ac) Â 100%, where At and Ac represent the average of absorbancies of treated and control cultures, respectively. Concentration response curves were plotted, and the median inhibition concentration of curcumin was calculated by interpolation after 3 days.
Apoptosis analysis by determination of poly (adenosine diphosphate-ribose) polymerase cleavage Samples containing 30 lg of total cellular protein mixed in sample buffer [50 mM Tris-HCl (pH 6.8), 0.3% glycerol, 0.03% b-mercaptoethanol, 10% sodium dodecyl sulfate and 0.001% bromphenol blue] were electrophoretically separated through 12% sodium dodecyl sulfate-polyacrylamide slab gels and followed by transfer onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). Briefly, cell monolayers were washed twice with ice-cold PBS and collected in lysis buffer containing 150 mM NaCl, 0.02% NaN 3 , 2% Igepal CA-630 (octylphenyl-polyethylene glycol, Sigma-Aldrich), 0.5% sodium deoxycholate, 0.2% sodium dodecyl sulfate and 50 mM Tris-HCl (pH 8.0) supplemented with the protease inhibitors leupeptin (1 lg/ml), aprotinin (1 lg/ml), pepstatin (0.5 lg/ml) and phenylmethylsulfonyl fluoride (100 lg/ ml). Protein concentrations were measured using the Bradford protein assay (Bio-Rad Laboratories). After blocking with 3% nonfat dry milk solution in 0.1% (wt/vol) Tween 20 in PBS, the membranes were probed with primary antibody against poly (adenosine diphosphate-ribose) polymerase (1:1000, Cell Signaling Technology, Charlottesville, VA). Antibody binding was detected with horseradish peroxidase-linked secondary antibody and enhanced chemiluminescence (Amersham Biosciences Corp., Piscataway, NJ). Loading and transferring control was confirmed by probing the membranes with antib-actin antibody (Sigma-Aldrich).
Statistical methods
Summary statistics for cell counts in BALF and nuclear staining of Ki-67 in tumoral cells were computed within treatment groups, and analysis of variance with adjustment for multiple comparisons was performed to examine the differences between the mean cell counts of the control group and each of the NTHi/curcumin treatment groups. For tumor counts and curcumin levels in NTHi-treated/curcumin-treated mice, comparisons of groups were made using Student's t-test. Differences were considered significant for P ,0.05.
Results
Effect of curcumin on NTHi-induced (extrinsic) and tumor-induced (intrinsic) airway inflammation
To explore the dose-response relationship between curcumin exposure and its anti-inflammatory effect on NTHi-induced (extrinsic) airway inflammation in WT mice, we fed several groups of 6-week-old female C57BL/6 mice a powder diet mixed with different
concentrations of curcumin (0.2, 0.5, 1 and 2% by weight) for 8 days and exposed them to the aerosolized NTHi lysate once at day 7. All treatment groups and controls were killed on day 8 (1 day after NTHi exposure), and BALF was collected. In WT mice without curcumin treatment, NTHi exposure resulted in a rise in total leukocyte numbers dominated by neutrophils (from ,1% of total BALF leukocytes before exposure to 81% after exposure). Curcumin treatment resulted in a marked reduction of total leukocyte and neutrophil counts, starting at 0.2% curcumin concentration and reaching a plateau at 1% ( Figure 1A) .
To test the effect of curcumin on tumor-induced (intrinsic) inflammation, we fed a group of 10-week-old female CC-LR mice with a 1% curcumin diet for 8 days and studied their BALF. As we described before (20) , non-curcumin-treated CC-LR mice showed elevated levels of macrophages and neutrophils even in the absence of exposure to NTHi ( Figure 1B) , similar to what has been reported in other models that induce expression of activated K-ras in the airways (45, 46) . Curcumin treatment of CC-LR mice resulted in a significant reduction of total leukocyte and neutrophil counts (12.1 Â 10 3 without curcumin versus 0.2 Â 10 3 with curcumin).
Leukocyte recruitment in response to NTHi lysate was accompanied by an increase in cytokines and chemokines in BALF, 4 h after NTHi exposure (data not shown). There were markedly increased levels of inflammatory cytokines [interleukin (IL)-6, tumor necrosis factor and IL-1b], the T helper 1 cytokine interferon-c and the neutrophil chemokine keratinocyte-derived chemokine (KC) ( Figure 1C ), as we have shown previously (19) . Curcumin treatment resulted in a significant reduction of the KC level ( Figure 1C) , though it did not have any effect on the high levels of inflammatory or T helper 1 cytokines (data not shown). Consistent with the changes in the levels of inflammatory cytokines after NTHi exposure, DNA-binding activity to the NF-jB consensus sequence was significantly increased in the lung shortly after NTHi exposure as detected by electrophoretic mobility shift assay ( Figure 1D, lanes 4, 6 and 8 from the left) . Surprisingly, dietary curcumin did not inhibit NTHi-induced NF-jB activation in the lung ( Figure  1D, lanes 5, 7 and 9 from the left). Lanes 1, 2 and 3 show DNA-binding activity in the lung shortly after PBS exposure (control group). Lanes 10 and 11 show KBM-5 cells (human leukemia cell line) treated or nontreated with tumor necrosis factor (experimental positive control).
Curcumin measurement in serum and lung
The levels of curcumin and curcuminoid compounds in mouse serum ( Figure 2A ) and lung homogenates ( Figure 2B ) were measured after 8 days of varying levels of dietary curcumin treatment (1 day after NTHi exposure). The curcuminoids showed dose-dependent serum and lung concentrations, with demethoxycurcumin the most abundant molecular species in both serum and lung. However, their concentrations were not measurable in the serum at the 0.5% curcumin dose despite the fact that curcumin showed a strong biological effect in suppressing NTHi-induced neutrophilic influx at this concentration.
Effect of curcumin on lung cancer progression Since 1% curcumin in the diet was sufficient to effectively suppress NTHi-induced airway inflammation and did not show any toxic effect Curcumin, COPD and lung cancer in WT and CC-LR mice, two groups of 6-week-old CC-LR mice were treated with 1% curcumin for 8 weeks, with one of these groups exposed to the NTHi lysate once weekly for 8 weeks. Two other groups of mice were not treated with curcumin, with one of these exposed weekly to the NTHi lysate for 8 weeks. All groups were killed one day after the eighth NTHi exposure while still under curcumin treatment, and the effect of curcumin on lung tumor progression was analyzed by determining the number of tumors visible on the pleural surface of the lungs and the tumor volume per lung. Curcumin significantly reduced the number of tumors on the lung surface of CC-LR mice not exposed to NTHi lysate by 85% (34 ± 6 without curcumin versus 5 ± 2 with curcumin) and after 8 weekly NTHi exposures by 53% (161 ± 4 without curcumin versus 76 ± 11 with curcumin) ( Figure 3B ). Curcumin also lowered tumor volume per lung in curcumin-treated mice not exposed to NTHi lysate by 64% (24.1 ± 3.5% versus 8.8 ± 4.6%) and after NTHi exposure by 39% (67.1 ± 9.4% versus 47.9 ± 6.6%) ( Figure 3C ) by both reducing the size of individual tumors and the total number of tumors ( Figure 3A) .
To further test the efficacy of curcumin in suppressing existing tumors, we started the curcumin treatment of CC-LR mice not treated with NTHi at 14 weeks of age, when the lung tumors are well developed. Four weeks of treatment with 1% dietary curcumin reduced the number of visible tumors on the lung surface of CC-LR mice at age 18 weeks by 63% (62 ± 7 without curcumin versus 23 ± 6 with curcumin) (Figure 4 ).
Effect of curcumin on lung tumor cell proliferation in vivo
In order to evaluate the effect of curcumin on cell proliferation in CC-LR mice, the relative number of cells showing positive staining for the cell proliferation marker, Ki-67, was measured in tumor tissues from the four groups by immunohistochemistry ( Figure 5 ). The numbers of labeled Ki-67 positive tumor cells were quantitated as a fraction of total tumor nuclei per high power field (Â40) in five fields from three mice of each of the treatment groups. Results were expressed as percentage of Ki-67 positive cells ± SE.
NTHi exposure increased the expression of Ki-67 in tumor tissue, and conversely, curcumin significantly decreased the expression of Ki-67 in tumor tissues compared with both NTHi exposed and unexposed control groups (P , 0.05 versus control).
Effect of curcumin on lung cancer cell growth, proliferation and apoptosis The effect of curcumin on cell growth of two ras-induced mouse lung adenocarcinoma cell lines (LKR-10 and LKR-13) was assessed. In general, these two cell lines behave similarly with slight differences in their in vivo growth and in their invasive ability when grown in 3D culture. Curcumin showed a strong dose-dependent effect in suppressing colony formation by both LKR-10 and LKR-13 cell lines ( Figure 6A ) at concentrations achieved in vivo (Figure 2A ). The inhibitory effect of curcumin on total cell viability of the cell lines 
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was also found to be dose-dependent in the sulforhodamine B assay ( Figure 6B ). Total and cleaved poly (adenosine diphosphate-ribose) polymerase levels were measured as an indicator of apoptosis, and curcumin similarly showed a dose-dependent effect ( Figure 6C ). Poly (adenosine diphosphate-ribose) polymerase levels in LKR-10 cells were higher than those in LKR-13, but cell viability differences were less striking, suggesting that curcumin is mainly growth inhibitory in LKR-13 cells, but both pro-apoptotic and growth inhibitory in LKR-10 cells (Figure 6C ).
Discussion
The pooled global prevalence of COPD in adults !40 years is $10%, and it is a leading cause of morbidity and mortality in the USA (11) . Smoking is the most important cause of inflammation in COPD (47) . However, among smokers with COPD, even following withdrawal of cigarette smoke, inflammation persists and lung function continues to deteriorate (47) , possibly because bacterial colonization of smokedamaged airways perpetuates airway injury and inflammation (12, 13) . Thus, besides smoking cessation, additional strategies that stop the progression to advanced COPD are highly attractive. Worldwide, lung cancer is the leading cause of cancer mortality, with the highest rates currently observed in Europe and North America (10) . There are limited numbers of effective therapeutic regimens available for lung cancer, and once diagnosed, the 5 year survival rate is only 8-12% (10) . Therefore, any new modalities to supplement current treatments for lung cancer would be of interest. In both diseases (COPD and lung cancer), one such modality that has received attention recently is curcumin, which is used as a dietary ingredient and for its anti-inflammatory and wound healing properties. We have found that 1% curcumin in the diet is able to suppress NTHi-induced COPDlike airway inflammation and K-ras initiated lung cancer in mice.
Curcumin has previously been found to have significant anticarcinogenic effects in mice, interfering not only with the initiation phase but also with the promotion/progression phase of chemical carcinogen-induced tumor formation in organs other than the lung (37, 48) . However, in the lungs, curcumin was inactive in the postinitiation stage of a carcinogen-induced lung cancer model, since feeding 2% curcumin in the diet had no effect on 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung tumorigenesis in A/J mice (37, 38) . Further, in a recent study by Dance-Barnes et al. (39) , treatment of a transgenic mouse model of lung cancer that expresses the human K-ras (G12C) allele in a doxycycline-inducible and lungspecific manner with dietary curcumin (4000 p.p.m.) actually increased tumor multiplicity, tumor progression and lung inflammation. In contrast, our data show that curcumin treatment prevents tumor development in a K-ras initiated lung cancer model (CC-LR mouse), consistent with the existing data showing its anti-tumoral effect in other organs (37, 49) . Our study and Dance-Barnes's are similar in that carcinogenesis was initiated in both by an activated allele of K-ras (G12D in ours and G12C in Dance-Barnes's), expressed in airway secretory cells under control of the CCSP promoter, and the concentrations of dietary curcumin were similar (1% in our study and 0.4% in Dance-Barnes's). However, the studies differ markedly in their mechanisms of transgene expression. We used a hitand-run strategy in which the Cre recombinase is expressed in airway secretory cells by the CCSP promoter prior to the 6th week of postnatal life to induce rearrangement and activation of a conditional K-ras allele, with permanent subsequent expression under control of the endogenous K-ras promoter in an inflammatory model (20) . This strategy was adopted because we had found that the CCSP promoter is downregulated by inflammation, resulting in reduced carcinogenesis when the oncogene remains under control of the CCSP promoter (20) . Dance-Barnes et al. (39) used a bitransgenic strategy with the reverse tetracycline transactivator under control of the CCSP promoter and an activated K-ras allele under control of a tetracycline-inducible promoter. Either or both of these promoters could be influenced by curcumin, resulting in upregulation of the expression of the K-ras transgene. Since tumor progression was mild in this model, occurring late in life and at a low grade, carcinogenesis should be sensitive to small changes in oncogene expression. While these differences in the genetic models could explain the discrepant findings between our studies, further experiments will be required to provide evidential support.
Curcumin is a potent immunomodulatory agent that can attenuate the activation of T cells, B cells, macrophages, neutrophils, natural killer cells and dendritic cells (50) . Curcumin is also reported to downregulate the expression of pro-inflammatory cytokines including tumor necrosis factor, IL-1 and IL-6 (50). The inflammatory component of a developing neoplasm may include a diverse leukocyte Curcumin, COPD and lung cancer population of neutrophils, dendritic cells, macrophages, eosinophils and mast cells, as well as lymphocytes, all of which are capable of producing an array of cytokines, reactive oxygen species, serine and cysteine proteases and matrix metalloproteinases (5, 6) . Sustained cell proliferation in this environment rich in inflammatory cells, growth factors, activated stroma and DNA-damage-promoting agents (intrinsic inflammation) potentiates neoplastic risk (5, 7) . Such pro-tumor inflammatory microenvironments promote not only malignant conversion and development of solid tumors but also the dissemination of neoplastic cells into the blood vasculature and lymphatics by driving the invasive capacity of malignant cells (51) and expansion of angiogenic vasculature (52) . CC-LR mice show elevated levels of macrophages and neutrophils even in the absence of exposure to NTHi ( Figure 1B) , similar to what has been reported in other models that induce expression of activated K-ras in the airways (intrinsic inflammation) (45, 46) . Curcumin not only reverses the promoting effect of intrinsic (K-ras-driven) and extrinsic (NTHi-induced) airway inflammation on established lung cancer (Figure 3 ) but also inhibits and suppresses tumor progression in a late phase (Figure 4) . One of the possible mechanisms for these findings could be the anti-inflammatory effect of curcumin described by us (Figure 1 ) and other groups (50) .
As shown in Figure 1C , the suppressive effect of curcumin on neutrophil recruitment was associated with a markedly reduced level of the neutrophil chemokine KC in BALF. KC is a functional mouse homologue of human IL-8. It is a member of the CXC chemokine family that contains the ELR motif (ELRþ) (53) . This subtype of chemokines mediates neutrophil migration to sites of inflammation through CXCR2 (54, 55) . There is a marked upregulation of CXCR2 in airway epithelial cells in COPD and this correlated with the increased number of neutrophils in the airways (56) (57) (58) . Also, several studies have shown roles for CXC chemokines (including KC) and their receptors in tumorigenesis, including angiogenesis, attraction of leukocytes to tumor sites and induction of tumor cell migration and homing in metastatic sites (59) (60) (61) . Our findings support the CXC/CXCR2/neutrophil axis as a possible target for curcumin in suppressing the COPD-like inflammation, and a mechanistic pathway indirectly involved in the anti-tumoral effect of curcumin. Therefore, curcumin could simultaneously be a treatment for patients with COPD at high risk of lung cancer by suppressing the ongoing neutrophilic inflammation induced by bacterial colonization and other inflammatory stimuli.
Existing data show that the direct anti-tumoral activity of curcumin occurs through suppressing cell proliferation and activating cell apoptosis by downregulation of NF-jB-regulated gene products involved in cellular proliferation (e.g. cyclin D1) and anti-apoptosis (e.g. Bcl-2) (62). Of interest, NF-jB inhibition by curcumin also leads to the downregulation of various pro-inflammatory cytokines (50) . Our results also indicate that curcumin suppresses the proliferation of lung cancer cell lines in vitro ( Figure 6A and B) and tumor cells in vivo ( Figure 5 ). Similar to finding of other, this was associated with cell-cycle arrest and increased apoptosis ( Figure 6C ). Surprisingly, curcumin did not inhibit NTHi-induced NF-jB activation ( Figure 1D ) and the subsequent increase in inflammatory cytokine production. Therefore, dissecting signaling pathways mediating these phenomena induced by curcumin in our model needs further investigation, which will provide a rational basis for testing selective anti-inflammatory/anti-tumoral agents.
In animal studies, curcumin shows poor systemic bioavailability after oral administration (63) (64) (65) . For example, administration of curcumin 1.0 g/kg to mice by a single gavage resulted in plasma levels of 130-220 ng/ml 1 h later (64) . In rats, 500 mg/kg curcumin by a single gavage results in a peak plasma concentration of 1.8 ng/ml of free curcumin (63) . In humans, studies support the poor bioavailability of oral curcumin. For example, to achieve a detectable blood level, gram doses of 90-99% pure curcumin were required, and the highest dose tested (8 g) resulted in ,1 lg/ml curcumin (66) (67) (68) . The most recent human study showed that a single 10 or 12 g oral dose of curcumin generates mainly curcumin glucuronide and curcumin sulfate in blood (69) . Like the other studies, a high rate of curcumin conjugation through glucuronidation and sulfation may explain low concentrations of free curcumin when administered orally (66, 67) . Curcumin is the most studied curcuminoid with respect to several biological activities. However, some experiments have demonstrated that two other curcuminoids, desmethoxycurcumin and bisdesmethoxycurcumin, also possess biological activities, but with different potency from curcumin (70) . For example, desmethoxycurcumin and bisdesmethoxycurcumin show higher anti-metastasis potency than curcumin (71) . We also found low serum concentrations of curcuminoids in our study when curcumin was administered at 1-2% of diet (Figure 2A ). However, curcumin showed a strong biological effect in suppressing NTHi-induced COPD-like inflammation even when undetectable in serum after administration at 0.5% of diet ( Figure 1A ). This indicates that sufficient curcumin is absorbed to provide a useful effect even when present in modest concentration in the diet.
In summary, the results presented here support further the effectiveness of curcumin as a therapeutic agent, alone or in combination with current therapy against lung cancer. It could also be considered for use by current smokers or ex-smokers with or without COPD as a chemopreventive agent. Further understanding of the molecular mechanisms affected by curcumin treatment will provide a basis for rationally directed clinical testing of the efficacy of this agent and other selective anti-inflammatory/anti-tumoral agents in preventing COPD progression and lung carcinogenesis.
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